The c-Jun NH2-terminal kinase (JNK) is activated when cells are exposed to environmental stress, including UV radiation. Gene disruption studies demonstrate that JNK is essential for UV-stimulated apoptosis mediated by the mitochondrial pathway by a Bax͞Bak-dependent mechanism. Here, we demonstrate that JNK phosphorylates two members of the BH3-only subgroup of Bcl2-related proteins (Bim and Bmf) that are normally sequestered by binding to dynein and myosin V motor complexes. Phosphorylation by JNK causes release from the motor complexes. These proapoptotic BH3-only proteins therefore provide a molecular link between the JNK signal transduction pathway and the Bax͞Bak-dependent mitochondrial apoptotic machinery.
T
he molecular machinery of cell death has been studied intensively, and many of the components have been identified (1) . Two pathways of cell death have been elucidated: a pathway that is directly activated by death receptors and a pathway that involves the mitochondria. It is established that signal transduction pathways initiated at the cell surface by death receptors are mediated by adapter complexes that lead to caspase activation (1) . However, the signal transduction pathways that activate the mitochondrial apoptotic pathway are poorly understood (1) . One class of stimulus that activates the mitochondrial pathway is the exposure of cells to stress. An example is represented by ionizing radiation, which engages the p53 tumor suppressor and leads to the expression of a number of proapoptotic proteins, including members of the BH3-only group of Bcl2-related proteins (e.g., Puma and Noxa), that can trigger the mitochondrial apoptosis pathway (2) . However, the mechanism by which other stresses (e.g., UV radiation) activate the mitochondrial cell death pathway has not been established.
The c-Jun NH 2 -terminal kinase (JNK) is activated when cells are exposed to multiple forms of stress, and this signaling pathway has been implicated as a mediator of stress-induced apoptosis (3) . Examples include nerve growth factor withdrawalinduced apoptosis (4-7), excitotoxic stress-induced apoptosis (8) , thymocyte apoptosis (9, 10) , and apoptosis in response to UV radiation (11, 12) . It is therefore likely that JNK contributes to apoptotic signal transduction in response to the exposure of cells to many stresses, including changes in the physical and chemical properties of the environment (3) .
Gene disruption studies demonstrate that JNK is required for the release of mitochondrial proapoptotic molecules (including cytochrome c) and apoptosis in response to UV radiation (12) . Bax and Bak (members of the proapoptotic group of multidomain Bcl2-related proteins) are essential for the JNK-stimulated release of cytochrome c and apoptosis (13) . Furthermore, the activation of the Bax subfamily of Bcl2-related proteins by UV radiation requires JNK (13) . Bax activation is thought to be mediated, in part, by sequestration of multidomain antiapoptotic Bcl2 proteins (e.g., Bcl2 and Bcl-X L ) by BH3-only members of the Bcl2 family (14, 15) . For example, inhibition of the Akt pathway can lead to activation of the BH3-only protein Bad, sequestration of multidomain antiapoptotic members of the Bcl2 family, and, consequently, Bax͞Bak-dependent apoptosis (14) (15) (16) . However, the mechanism by which JNK might cause the activation of BH3-only proteins is unclear. One potential target of JNK is Bim, a BH3-only protein that is transcriptionally up-regulated in neurons undergoing JNK-dependent apoptosis (17) (18) (19) .
Three major Bim isoforms are created by alternative splicing: BimS, BimL, and BimEL (20) . The short isoform (BimS) potently induces apoptosis and is normally only transiently expressed in cells during apoptosis. The longer isoforms (BimL and BimEL) are expressed in normal cells, but the apoptotic activity of these proteins is suppressed by binding to the dynein motor complex via an interaction with dynein light chain (DLC)1. A short peptide motif (DKSTQTP) present in BimL and BimEL (but absent in BimS) mediates the binding of Bim to DLC1. The absence of this motif from BimS accounts for the extremely potent apoptotic activity of this Bim isoform (21) . Interestingly, the Bim-related molecule Bmf contains a similar motif (DKATQTLSP) that binds DLC2, a component of the myosin V motor complex (22) . In normal cells, the BH3-only proteins Bim and Bmf are sequestered in motor complexes that interact with the cytoskeleton. Apoptosis induced by these molecules involves the release of Bim and Bmf from these complexes (23) . Thus, exposure of cells to UV radiation causes the release of both Bim and Bmf from sites of sequestration by dissociation of Bim from dynein motor complexes (21) and Bmf from myosin V motor complexes (22) . The mechanism that accounts for the release of these proteins has not been established.
The effect of UV radiation to cause JNK activation (3) and the release of Bim and Bmf (23) suggests that these processes may represent related steps in an apoptotic signal transduction pathway. Indeed, studies of JNK-deficient and Bim-deficient mice indicate similar defects in thymocyte apoptosis (23, 24) . The purpose of this study was to examine the role of Bim-related BH3-only proteins in JNK-dependent apoptosis. We report that JNK phosphorylates Bim and Bmf within the conserved DLC binding motif. Phosphorylation by JNK disrupts the function of the DLC binding motif and consequently may cause the release of Bim from sequestration by dynein motor complexes and the engagement of the mitochondrial apoptotic pathway. These BH3-only proteins therefore represent direct targets of JNK that can mediate apoptotic signaling. The significance of this finding is that it provides an important missing link that connects the JNK signal transduction pathway to the apoptotic machinery.
Methods
Plasmid Construction. Human BimL, Bmf, DLC1, DIC1, and mouse DLC2 cDNA were isolated by PCR and subcloned in the HindIII and EcoRI sites of the mammalian expression vector pCDNA3 (Invitrogen) with an NH 2 -terminal Flag or T7 epitope tag. Bacterial expression vectors were constructed by using the GST-fusion protein vector pGSTag by subcloning PCR fragments in the BamHI and XhoI restriction sites. The GST-fusion proteins were expressed in BL21 codon-plus cells (Stratagene) and were purified by affinity chromatography using glutathione-Sepharose. Point mutations were constructed by overlapping PCR. JNK expression vectors have been described (13, 25) .
Cell Culture. Kidney cells (293T, American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium supplemented with 5% FCS (Invitrogen). Transfection assays were performed by using Lipofectamine (Invitrogen) and following the supplier's recommendations.
Biochemical Assays. Cells were lysed in Triton lysis buffer containing 20 mM Tris (pH 8.0), 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25 mM ␤-glycerophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 10 g͞ml aprotinin and leupeptin. Extracts (100 g of protein) and immunoprecipitates prepared from the cell extracts were examined by protein immunoblot analysis by probing with antibodies to JNK (PharMingen), T7 (Novagen), Flag M2 (Sigma), and Bim (Calbiochem). Immunocomplexes were detected by enhanced chemiluminescence (NEN). Phosphoamino acid analysis was performed by partial acid hydrolysis and thin-layer chromatography (26) . Mitogen-activated protein kinase (MAPK) activity was measured by in vitro kinase assays (27) . Cell viability was examined by using a luciferase reporter assay (13) . Apoptosis was examined by analysis of DNA fragmentation by using the Cell Death Detection ELISA Plus kit (Roche) and by flow cytometry by staining with phycoerythrinconjugated annexin V and 7-aminoactinomycin D (PharMingen).
Results
The expression of Bim has been reported to be regulated by JNK (17) (18) (19) . We therefore investigated the expression of Bim in wild-type and JNK-deficient fibroblasts; no marked difference in Bim expression was detected. It is therefore unlikely that altered Bim expression accounts for the apoptotic defect of JNKdeficient fibroblasts (12) . However, Bim-deficient cells (18, 19, 28, 29) have apoptotic defects that share some similarities with JNK-deficient cells (3, 12) . Thus, although JNK may not be essential for Bim expression in fibroblasts, JNK might alter Bim function. To test this hypothesis, we examined the possibility that JNK might phosphorylate and regulate Bim.
Bim Is Phosphorylated by JNK in Vitro. We found that recombinant BimL was phosphorylated by JNK in vitro (Fig. 1A) . Interestingly, the BimL phosphorylated by JNK was found to undergo an electrophoretic mobility shift during SDS͞PAGE. It is known that JNK phosphorylates Ser͞Thr-Pro motifs in target proteins (3) and that BimL contains three of these motifs: S44P, T56P, and S58P (Fig. 1B) . In vitro kinase assays demonstrated reduced phosphorylation if any of the three potential phosphorylation sites was replaced with Ala, and phosphorylation was markedly reduced if the three predicted sites were simultaneously replaced with Ala (Fig. 1C ). These data indicate that all three of the potential phosphorylation sites are substrates for JNK in vitro.
Bim Is Phosphorylated by JNK in Vivo. To test whether Bim was a JNK substrate in vivo, we initially examined the effect of activated JNK1 in cotransfection assays with BimL. Phosphorylation was monitored by measurement of the electrophoretic mobility of BimL by immunoblot analysis. Expression of activated JNK1 caused a marked decrease in the electrophoretic mobility of BimL ( Fig. 2A) . In contrast, mutation of the sites of activating phosphorylation of JNK1 (T180A, Y182F) eliminated the changes in the electrophoretic mobility of BimL. These data suggest that BimL is a substrate of JNK in vivo.
To confirm the conclusion that BimL is phosphorylated in vivo, we examined the phosphorylation of BimL in cells labeled with [ 32 P]phosphate (Fig. 2B ). Exposure to UV caused a marked increase in BimL phosphorylation. This increased phosphorylation was eliminated if the three sites of phosphorylation by JNK (Ser-44, Thr-56, and Ser-58) were replaced with Ala and was partially suppressed when Thr-56 alone was replaced with Ala. Phosphoamino acid analysis demonstrated that wild-type Bim in cells exposed to UV radiation contained phosphothreonine and phosphoserine (Fig. 2C) . In contrast, only phosphoserine was detected if Thr-56 was replaced with Ala. These data demonstrate that BimL is phosphorylated in vivo on Thr-56 and that JNK also phosphorylates BimL on at least one serine residue (Ser-44 and͞or Ser-58).
The Sites of Bim Phosphorylation Are Conserved in the Related Protein
Bmf. Bim is a proapoptotic BH3-only member of the Bcl2-related family that is sequestered in normal cells by binding to dynein motor complexes (21, 23, 30) . This interaction is mediated by a In vitro protein kinase assays (KA) were performed by using recombinant Bim with point mutations at Ser-44, Thr-56, and Ser-58 (replaced with Ala). A double point mutation (Ala-56 Ala-58) and a triple point mutation (Ala-44 Ala-56 Ala-58) were also examined. The products of the phosphorylation reaction were examined by SDS͞PAGE, staining with Coomassie blue (Lower), and autoradiography (Upper). The numbers above the autoradiograph of the kinase assay represent relative phosphorylation measured by PhosphorImager analysis.
small region of Bim (Fig. 1B) that binds DLC1. Interestingly, one of the JNK phosphorylation sites on Bim (Thr-56) is located within this region, and a second phosphorylation site (Ser-58) is located adjacent to this region (Fig. 1B) . Importantly, this binding motif and these phosphorylation sites are conserved in the related BH3-only protein Bmf, which binds DLC2 (22) . In vitro protein kinase assays demonstrated that Bmf, like Bim, is a JNK substrate in vitro (Fig. 1 A) . Furthermore, cotransfection assays demonstrated that activated JNK (Fig. 2 A) caused decreased Bmf electrophoretic mobility, consistent with phosphorylation of Bmf by JNK in vivo. Together, these data indicate that phosphorylation by JNK within the DLC binding motif is a conserved property of both Bim and Bmf.
Phosphorylation of Bim on Thr-56 Inhibits Binding to DLC1. The observation that JNK phosphorylates BimL within the motif that binds DLC1 suggests that JNK might regulate the interaction of BimL with DLC1. To test this hypothesis, we examined the effect of activated JNK on the properties of BimL in vivo. Immunoblot analysis demonstrated that activated JNK caused a marked decrease in the electrophoretic mobility of BimL (Fig. 3A) . Consistent with the presence of multiple phosphorylation sites, two major forms of BimL with decreased electrophoretic mobility were detected. No change in the electrophoretic mobility of DLC1 was detected (Fig. 3A) , and DLC1 was not found to be a JNK substrate in vitro (data not shown). Coimmunoprecipitation analysis demonstrated that activated JNK caused decreased binding of BimL to DLC1 (Fig. 3 A and B) . The observed dissociation of BimL from DLC1 requires the use of phosphatase inhibitors in the cell lysis buffer to prevent dephosphorylation and reassociation with DLC1. Replacement of the JNK phos- phorylation site Ser-44 or Ser-58 with Ala to eliminate phosphorylation did not alter the coimmunoprecipitation of Bim with DLC1 (Fig. 3B) . These data indicate that Ser-44 and Ser-58 are not critical for regulation by JNK of the interaction between Bim and DLC1. In contrast, substitution of Thr-56 with Ala prevented the JNK-stimulated release of Bim from DLC1 (Fig. 3B) . These data indicate that the phosphorylation of Bim on Thr-56 within the DLC binding motif may cause the release of Bim from DLC1. Strong support for this conclusion was obtained from the observation that the replacement of Thr-56 with an acidic residue (Asp) to mimic phosphorylation completely disrupted the interaction of Bim with DLC1 (Fig. 4A) . Interestingly, the substitution of Ser-44 or Ser-58 with Asp did not inhibit the binding of Bim to DLC1, but these mutant Bim proteins were resistant to the effects of JNK, suggesting that the regulatory phosphorylation site Thr-56 may be influenced by phosphorylation of Bim on Ser-44 and Ser-58.
To test whether phosphorylated Bim fails to interact with DLC1, we performed coimmunoprecipitation analysis to examine the subpopulation of Bim molecules that remain bound to DLC1 after JNK activation (Fig. 3C) . Bim phosphorylation was assessed by measurement of electrophoretic mobility during SDS͞PAGE. Bim with reduced electrophoretic mobility failed to interact with DLC1. In contrast, nonphosphorylated Bim was found to coimmunoprecipitate with DLC1. These data confirm the conclusion that the phosphorylation of Bim by JNK causes the release of Bim from DLC1.
JNK Phosphorylation of Bim on Thr-56 Increases Apoptotic Activity.
Exposure of cells to UV radiation causes the release of both Bim and Bmf from motor complexes and induction of the mitochondrial cell death pathway (21, 22) . This apoptotic activity is mediated by the engagement of the Bax͞Bak-dependent pathway (14, 15, 23, 30) . This mechanism indicates that BimL phosphorylated by JNK on Thr-56, which does not bind DLC1, may have increased apoptotic activity. To test this hypothesis, we examined the survival and apoptosis of cultured cells transfected with BimL. A similar level of survival (Fig. 4A) and apoptosis ( Fig. 4B) was detected when cells were transfected with BimL or [Ala-56]BimL. In contrast, increased apoptosis was detected in experiments using BimL with an acidic amino acid (Asp) replacing Thr-56 to mimic phosphorylation (Fig. 4 A and B) . These data were confirmed by analysis of apoptosis by flow cytometry (Fig. 4C) . Mutational analysis demonstrated that the increased apoptosis caused by [Asp-56]BimL was dependent on the BH3 domain because mutational inactivation of this domain eliminated the proapoptotic effects of both wild-type and [Asp-56]BimL (Fig. 4 A and B) . Interestingly, [Asp-56]BimLstimulated apoptosis was also observed in JNK-deficient cells (data not shown), indicating that whereas JNK does phosphorylate Bim, JNK is not essential for subsequent biochemical steps that lead to apoptosis. Together, these data indicate that the JNK-stimulated phosphorylation of BimL on Thr-56 may be sufficient to induce Bax-dependent apoptosis.
Discussion

JNK Is Not Essential for Bim Expression in Fibroblasts.
Previous studies of neuronal apoptosis caused by nerve growth factor withdrawal have demonstrated an important role for Bim, a BH3-only protein that is transcriptionally up-regulated in neurons undergoing JNK-dependent apoptosis (17) (18) (19) . Thus, the proapoptotic role of JNK may be to increase the expression of Bim. However, studies of JNK-deficient cells demonstrate that JNK is not essential for Bim expression in fibroblasts. This difference between neurons and fibroblasts may reflect complex regulation of Bim gene expression. For example, if JNK is critical for Bim expression in neurons, other signaling pathways may act as the primary regulator of Bim expression in other cell types. Consistent with this hypothesis, studies of other cell types have uncovered important roles for Akt and forkhead family transcription factors (31) (32) (33) , the phosphatidylinositol 3-kinase͞TOR pathway (34) , and the Ras͞ERK MAPK pathway (34) in the expression of Bim. The critical role of JNK for Bim expression may be selectively required only for certain cell types, including neurons.
Studies of JNK-dependent apoptosis in fibroblasts demonstrate that new gene expression is not required for UVstimulated apoptosis (12) . This observation suggests that the target of JNK that mediates apoptotic signaling is a protein that preexists in normal cells before apoptosis. These considerations suggest that Bim may be regulated by a posttranslational mechanism. Indeed, it is established that Bim is regulated by sequestration in the cytoplasm by binding to DLC1, a component of the dynein motor complex (21) . Furthermore, the Bim-related protein Bmf binds DLC2, a component of the myosin V motor complex (22) . Exposure to UV radiation causes the release of both Bim and Bmf from these motor complexes (21, 22) . However, the mechanism that accounts for the release of Bim and Bmf was not established by previous studies. One possible mechanism is phosphorylation. Indeed, Bim has been demonstrated to be a phosphoprotein (34) . Here, we demonstrate that JNK phosphorylates and inactivates the DLC binding motif located in Bim. This phosphorylation provides a mechanism for the release of Bim and Bmf from sequestration in the cytoplasm.
Together, these data indicate that JNK can engage the Bim apoptotic pathway by at least two different mechanisms. First, in some cell types (e.g., neurons), JNK plays an important role in the transcriptional induction of Bim expression. Second, JNK phosphorylates Bim and releases Bim from sequestration in the cytoplasm. The relative importance of these two mechanisms may differ between cell types. For example, if JNK causes the expression of BimS (which lacks the DLC1 binding motif and is not sequestered in the cytoplasm), JNK may cause Bimdependent apoptosis by a mechanism that does not require Bim phosphorylation. In contrast, in other cell types (e.g., fibroblasts), BimEL or BimL is expressed in a latent form bound to dynein motor complexes, and increased Bim expression may not be required for apoptosis if JNK is able to activate the latent Bim proteins by phosphorylation. It is likely that these two scenarios represent the two extreme forms of the different requirements for JNK-dependent Bim expression and phosphorylation in various cell types within the body.
The Repertoire of Bim Isoform Expression May Contribute to the
Regulation of Apoptotic Responses. The three major Bim isoforms are differentially phosphorylated by MAPK. For example, BimS lacks the DLC1 binding motif that is phosphorylated by JNK, but both BimL and BimEL are phosphorylated by JNK. However, BimEL contains an NH 2 -terminal insertion that contains three additional MAPK phosphorylation sites that are phosphorylated by ERKs (Fig. 5 ). These differences may cause alterations in the apoptotic response to JNK activation. Recently, six additional alternatively spliced Bim isoforms have been described (35) (36) (37) . The function of these isoforms has not been established, but two of the isoforms contain the BH3 domain and can cause apoptosis in transfection assays. Bim may act by binding to antiapoptotic members of the Bcl2 family (e.g., Bcl2 and Bcl-X L ) (23) , but Bim may also directly bind and activate Bax and Bak (37, 38) . These data indicate that the role of Bim as an effector of the JNK signaling pathway may be altered by the repertoire of Bim isoform expression in individual cells. Furthermore, because Bim isoforms differ in phosphorylation, the role of phosphorylation may be different in different cell types. For example, the MAPK phosphorylation sites located in the NH 2 -terminal insertion of BimEL may also contribute to functional regulation and apoptotic responses. It is also possible that other protein kinases may contribute to the regulation of Bim phosphorylation on apoptotic regulatory sites. Indeed, the p38 MAPK can also phosphorylate Bim (unpublished observation).
Conclusions
The identification of BH3-only proteins as targets of the JNK signaling pathway provides a molecular link between JNK and the engagement of the mitochondrial cell death pathway in cells exposed to UV radiation. It is known that UV radiation causes the release of Bim and Bmf from dynein and myosin V motor complexes (21) (22) (23) 30) and that these proteins cause Bax͞Bak-dependent apoptosis (14, 15, 23, 30) . The results of this study demonstrate that JNK can engage this apoptotic pathway by phosphorylation of BH3-only proteins, including Bim and Bmf. This phosphorylation may also account for the apoptotic activity of other protein kinases; for example, Bim and Bmf are sub- and Bcl-X L). These mechanisms can lead to the engagement of the Bax͞Bak-dependent mitochondrial pathway of apoptosis. Smac, second mitochondria-derived activator of caspase; HtrA2, second homology of the bacterial HtrA endoprotease; AIF, apoptosis-inducing factor; and EndoG, endonuclease G.
strates of p38 MAPK. There may be additional proapoptotic substrates of JNK that contribute to cell death, for example Mcl-1 (39) and Bad (40) . Nevertheless, this study establishes the molecular framework for a proapoptotic signal transduction pathway that can be used by JNK to cause cell death (Fig. 5) .
